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Abstract Adipose tissue is an important organ that pro-
duces and secretes hormones and cytokines, including
TGF-b1, PDGF-AA, and VEGF-A. The goal of the present
study was to investigate the inﬂuence of a single session of
acute exercise, as well as the prolonged endurance training
on the production of TGF-b1, PDGF-AA, and VEGF-A in
the subcutaneous white adipose tissue in rats. Rats were
randomly divided into two groups: untrained (UT, n = 30)
and trained rats (T, subjected to 6-week endurance training
with increasing load, n = 29). Both groups were subjected
to an acute exercise session with the same work load. The
rats were killed before (UTpre, Tpre), immediately after
(UT0h, T0h), or 3 h (UT3h, T3h) after exercise and adi-
pose tissue samples collected. Growth factor mRNA was
evaluated using RT-PCR; the protein levels were measured
before and after training (UTpre and Tpre) using the
immunoenzymatic method. TGF-b1 and PDGF-AA mRNA
levels were decreased in the UT3h rats compared to the
UTpre rats (P = 0.0001 and P = 0.03, respectively), but
the VEGF-A mRNA level remained unchanged in the
UT0h and UT3h rats compared to UTpre rats. TGF-b1,
PDGF-AA and VEGF-A mRNA levels were decreased in
the T3h rats compared to Tpre (P = 0.0002, P = 0.02, and
P = 0.03, respectively). TGF-b1, PDGF-AA and VEGF-A
mRNA levels signiﬁcantly increased in the Tpre rats
compared to UTpre (all P = 0.0002). However, the protein
levels remained constant. In conclusion, prolonged physi-
cal exercise increases growth factor mRNA in adipose
tissue but not protein levels.
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Introduction
It is widely accepted that white adipose tissue (WAT),
visceral and subcutaneous, is an important endocrine
organ, producing and secreting several hormones and
cytokines. These signalling proteins have been given the
collective name ‘‘adipokines’’ and facilitate a number of
metabolic actions, such as lipid metabolism, energy bal-
ance, insulin sensitivity, angiogenesis, and vascular
homeostasis. Adipokines are also involved in inﬂammatory
and immunologic responses (Trayhurn and Wood 2004).
Adipokines production, including growth factors, is
increased in obesity, making obesity comparable to a low-
grade inﬂammatory process, linking it with insulin resis-
tance, metabolic syndrome, and, further, with the increased
risk of cardiovascular disease (Antuna-Puente et al. 2008).
The protective and therapeutic inﬂuence of physical
exercise in metabolic and cardiac diseases is well known;
however, the detailed mechanism is not fully understood
(Thompson et al. 2003; Warren et al. 2005). Physical
exercise inﬂuences immunological and inﬂammatory
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kines and other mediators of these reactions, including
growth factors (Czarkowska-Paczek et al. 2006; Banﬁ et al.
2008). Physical exercise could alter cytokine production
and release from the adipose tissue.
There is very limited data on the inﬂuence of physical
exercise on the activity of adipose tissue. However, it was
shown that endurance training had greater inﬂuence on
adipokines produced in subcutaneous WAT, than in vis-
ceral WAT. For instance, after endurance training per-
formed by the rats during 4 weeks, the expression of
mRNA for several cytokines (Il-6, TNF-alfa, Il-1Ra) did
not change in visceral WAT, while it increased signiﬁ-
cantly in the subcutaneous WAT. This phenomenon indi-
cates the possibility of the speciﬁc role of subcutaneous
WAT in adaptive response to exercise training (Gollisch
et al. 2009). It was conﬁrmed by other studies in regard to
other adipokines, Il-18 and visfatin (Leick et al. 2007;
Frydelund-Larsen et al. 2007). On the other hand, 6 months
of aerobic training of various intensity leading to a
decrease in adipose tissue stores does not cause any
changes in the serum levels of 27 investigated cytokines
(Huffman et al. 2008). No relationship has been observed
between changes in body composition and cytokine levels.
It is not yet known whether physical exercise alters
growth factor production in subcutaneous WAT.
The goal of the present study was to investigate the
inﬂuence of a single session of acute exercise in untrained
and trained rats and the prolonged endurance training on
TGF-b1, PDGF-AA, and VEGF-A production in the sub-
cutaneous WAT in rats.
Methods and procedures
Fifty-nine male Wistar rats were used in the study. Animals
were provided water and food (Labofeed B) ad libitum
throughout the study period, and a 12-h day/night (12/
12 h) rhythm was sustained.
At the beginning of the experiment, the rats were sub-
jected to exercise adaptation consisting of 10 min of
treadmill running at 15 m/min/per day for ﬁve successive
days. After adaptation, rats were randomly assigned to two
groups: untrained (UT, n = 30) and trained (T, n = 29),
which consisted of prolonged endurance training. The
mean body mass of rats at the beginning of the experiment
was 127 ± 13.85, and 379.75 ± 51.63 g on the day of
killing.
Prolonged training of the T group consisted of treadmill
running 5 days a week for 6 weeks. During the ﬁrst week,
1,200 m/h was a constant speed and the exercise time
increased 10 min each day, starting from 10 min/per day.
During the second week, the workload was constant and
consisted of 60 min of treadmill running at 1,500 m/h.
Finally, during weeks 3–6, the rats reached the daily
exercise of 60 min of running at 1,700 m/h. The UT group
remained at rest during the whole training period. Twenty-
four hours after the last training session, each group was
randomly divided into three subgroups. One subgroup was
killed before the other rats were submitted to an acute
exercise session (UTpre, n = 10 and Tpre, n = 9), and
white subcutaneous adipose tissue samples from the lower
part of abdomen were collected while under anaesthesia
(intraperitoneal Chloral Hydrate, 1 ml/100 mg body mass)
and stored at -80C for subsequent analysis. Other sam-
ples (heart) were collected during the same experiment;
removal of the heart caused the death of the rats. Another
type of adipose tissue, brown adipose tissue, which is
mainly connected with heat generation and maintaining of
body temperature in cold environments, is also present in
rats. It is located in identiﬁable clusters: interscapular,
surrounding the kidney and aorta, and intercostal, so it is
impossible that this type of adipose tissue is included in the
analyzed samples (Mattson 2010).
The rest of the rats were then subjected to an acute
exercise session consisting of 60 min of treadmill running
at 1,700 m/h. Subcutaneous adipose tissue samples from
the same localization were collected from the other sub-
groups immediately after the cessation of acute exercise
(UT0h, n = 10 and T0h, n = 10) or 3 h after exercise
(UT3h, n = 10 and T3h, n = 10) as described above.
The TGF-b1, PDGF-AA, and VEGF-A mRNA expres-
sion was determined in all collected samples. TGF-b1,
PDGF-AA, and VEGF-A protein levels were measured
before and after training (UTpre and Tpre).
Analytical methods
Approximately 50 mg of tissue was homogenized in a
bead-mixer TissueLyser (Qiagen, Germany). Total mRNA
isolation was performed using the EZ1 RNA Universal
Tissue Kit and Biorobot EZ1 (Qiagen, Germany) according
to the manufacturer’s protocol. Total mRNA concentra-
tions were measured at 260 nm using a NanoDrop ND-
1000 (NanoDrop Technologies, USA) spectrophotometer.
Samples were stored at -80C until further analysis.
Reverse transcription (RT) of total mRNA was per-
formed using Thermomixer Comfort (Eppendorf,
Germany) with the SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen, USA) according to the
manufacturer’s recommended method. mRNA detection
was performed on an ABI-Prism 7700 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). PCR
was performed using the RT product and reaction mixture
containing TaqMan Universal PCR Master Mix (poly-
merase and dNTPs), gene-speciﬁc primers, and nuclease-
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123free water (Applied Biosystems, Foster City, USA) in a
total volume of 20 ll. PCR ampliﬁcation consisted of an
initial step of 50C for 2 min and 20 min at 95C, followed
by 40 cycles of 95C for 15 s and 60C for 1 min. PCR for
a reference gene, GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), was performed for each sample, and a no
template control (NTC) was performed for each reaction.
Adipose tissue samples were homogenized in a bead-
mixer TissueLyser (Qiagen, USA). Following 10 min of
centrifugation at 3,000 rpm, the supernatant was separated
and stored at -80C until further analysis. The total
protein concentration in an adipose tissue sample was
measured at 562 nm using a Bio-Tek Power Wave XS
(Bio-Tek Instruments, USA) spectrophotometer and
bicinchoninic acid (BCA) test Protein Assay Reagent
(Pierce, Beijerland, Holland) according to the manufac-
turer’s instructions.
Latent TGF-b was activated by incubating the protein
with 1 N HCl at room temperature for 10 min, followed by
neutralization with 1.2 N NaOH/0.5 M HEPES. The tissue
concentration of TGF-b1 protein was measured immedi-
ately after activation and neutralization using the Quanti-
kine Human TGF-b1 Immunoassay (R&D Systems,
Minneapolis, MN, USA). This assay recognizes both
human and rat TGF-b1.
The tissue concentration of PDGF-AA protein was
measured using the Quantikine Human/Mouse PDGF-AA
Immunoassay kit (R&D Systems, Minneapolis, MN, USA).
The tissue concentration of VEGF protein was measured
using the Quantikine Rat VEGF Immunoassay (R&D
Systems, Minneapolis, MN, USA).
Statistical analysis
The data were analysed using the comparative cycle
threshold (CT) method. The CT of each sample was nor-
malized to the expression of GAPDH, so the results are
shown as DCT. The relative mRNA for the investigated
growth factors was calculated by subtracting the normal-
ized CT values for the investigated groups (exp) relative to
the medium control (ctr) (DDCT = DCTexp - DCTctr),
and the relative fold change of the growth factor mRNA
was calculated according to the formula 2
-DDCT (Livak
and Schmittgen 2001).
Results are provided as mean values ± SD (tables) and
relative fold changes (ﬁgures).
The difference in mRNA between investigated groups
was analysed with the Kruskal–Wallis non-parametric
ANOVA followed by a post hoc Duncan test. Pre- and
post-training protein values were compared using the Stu-
dent’s t test for independent samples. A P value of\0.05
was considered signiﬁcant.
Results
The mRNA and protein levels and standard deviations are
shown in Table 1. The relative change in mRNA after an
acute exercise session is shown in Fig. 1. There was a
signiﬁcant decrease in TGF-b1 and PDGF-AA mRNA
expression 3 h after the exercise in untrained rats
(P = 0.0001 and P = 0.03, respectively), but there was no
change in VEGF-A mRNA expression in untrained rats
immediately or 3 h after exercise. In trained rats, a sig-
niﬁcant decrease in TGF-b1, PDGF-AA, and VEGF-A
mRNA expression was observed 3 h after exercise
(P = 0.0002, P = 0.02, and P = 0.03, respectively).
The relative TGF-b1, PDGF-AA, and VEGF-A mRNA
and protein levels in adipose tissue after prolonged
endurance training are shown in Fig. 2. There was a sig-
niﬁcant increase in TGF-b1, PDGF-AA, and VEGF-A
mRNA (all P = 0.0002) after training compared to
untrained rats, but the protein levels of the investigated
growth factors remained constant.
Table 1 TGF-b1, PDGF-AA, and VEGF-A mRNA and protein expression in the adipose tissue of trained and untrained rats after acute bout of
exercise
Untrained (UT) Subjected to training (T)
UTpre UT0h UT3h Tpre T0h T3h
TGF-b1 DCT ± SD 3.04 ± 1.33 4.23 ± 1.62 5.72 ± 0.94 -1.18 ± 1.64 0.89 ± 3.50 2.14 ± 2.66
TGF-b1 protein (pg/lg) ± SD 0.20 ± 0.05 0.18 ± 0.03
PDGF-AA DCT ± SD 4.67 ± 1.50 5.63 ± 1.64 6.03 ± 1.12 0.24 ± 1.92 2.06 ± 3.21 3.27 ± 2.61
PDGF-AA protein (pg/mg) ± SD 9.12 ± 1.60 9.05 ± 2.65
VEGF-A DCT ± SD 1.82 ± 1.02 2.04 ± 1.23 1.79 ± 0.51 -2.05 ± 1.70 -1.09 ± 2.71 0.23 ± 2.00
VEGF-A protein (pg/mg) ± SD 7.66 ± 10.42 5.94 ± 4.71
mRNA is expressed as DCT ± SD, after the normalization of CT to the expression of GAPDH. Protein level is expressed in pg/mg or pg/lgo f
total protein ± SD
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123Discussion
To our knowledge, this is the ﬁrst study assessing the
inﬂuence of physical exercise on growth factor generation
in subcutaneous WAT.
Pallua et al. (2009) showed that adipose tissue contains
signiﬁcant quantities of growth factors, including VEGF
and PDGF-BB. Adipokines are assumed to contribute to
metabolic syndrome genesis, insulin resistance, and
increased cardiovascular risk (Trayhurn and Wood 2004).
There is a signiﬁcant correlation between body mass index
(BMI) and the presence and release of TGF-b1 in subcu-
taneous adipose tissue, (Fain et al. 2005; Alessi et al. 2000)
and TGF-b1 inﬂuences adipocyte metabolism and poten-
tialy inhibits the differentiation of preadipocytes into adi-
pocytes, inhibiting adipogenesis (Richardson et al. 1998;
Tan et al. 2008). On the other hand, TGF-b1 promotes the
production of plasminogen activator-1 (PAI-1) in adipose
tissue, which is associated with insulin resistance in













































































































































Fig. 1 The relative TGF-b1,
PDGF-AA, and VEGF-A
mRNA changes in the adipose
tissue of untrained (UT, a) and
trained (T, b) rats after a session
of acute exercise. Samples were
collected for before the exercise
(UTpre, Tpre), just after the
cessation of exercise (UT0h,
T0h), and 3 h after exercise
(UT3h, T3h). There was
signiﬁcant decrease in TGF-b1
and PDGF-AA mRNA
expression 3 h after exercise in
untrained rats. In trained rats, a
signiﬁcant decrease in TGF-b1,
PDGF-AA, and VEGF-A
mRNA expression was observed
3 h after exercise (*P = 0.01,
**P = 0.02, ***P = 0.003,
****P = 0.0001)
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123PDGF in adipose tissue. The exposure of preadipocytes to
macrophage-conditioned medium promotes preadipocyte
survival in a PDGF-dependent manner (Molgat et al. 2009).
VEGF promotes angiogenesis in newly formed adipose
tissue, contributing to adipogenesis. The blockade of
VEGF receptor-2 (VEGFR2) limits adipose tissue forma-
tion in diet-induced obesity (Iam et al. 2009).
The results of the present study indicate that prolonged
physical exercise is a strong stimulus for the expression of






















































































































































































































































Fig. 2 The relative TGF-b1,
PDGF-AA, and VEGF-A
mRNA changes (a) and protein
levels (b) in adipose tissue after
prolonged endurance training
(T) compared to untrained rats
(UT). There was a signiﬁcant
increase in TGF-b1, PDGF-AA,
and VEGF-A mRNA after
training (*P = 0.0002), but the
protein level remained constant
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123tissue, but it is not followed by a proportional increase in
protein levels.
The mechanism underlying the increased mRNA
expression remains unclear. The expression of these
genes, as well as many others, is augmented by hypoxia
inducible factor-1 (HIF-1). The main trigger for increased
HIF-1 is tissue hypoxia. The results of the present study
indicate that the increase in mRNAs for growth factors
after acute exercise could occur later than 3 h into
recovery from acute exercise and accumulates after the
whole training period. During that time, hypoxia in the
adipose tissue must be assumed to be non-existent. But it
is also known that other factors than hypoxia could be
responsible for augmentation of HIF-1 in tissues (Lundby
et al. 2006; Trayhurn et al. 2008a, b). Factors responsible
for growth factors mRNA increase could also origin in
tissues other than adipose, and reach the target tissue via
an endocrine manner. VEGF mRNA expression is
induced in adipose tissue by free fatty acids (FFA) and
interleukin-6 (Il-6) (Kawamura et al. 2008; Rega et al.
2007). Il-6 is produced in contracting muscle, and its
serum level increases immediately after ceasing acute
exercise (Czarkowska-Paczek et al. 2005, Pedersen and
Febbraio 2008).
The discrepancy between mRNA and protein expres-
sion in the adipose tissue is of great interest. The level of
signalling protein determines the cellular phenotype and
its plasticity in response to external signals. In mamma-
lian cells, the correlation coefﬁcient between the mRNA
and protein level is less than 0.5 (Pradet-Balade et al.
2001). The discrepancy argues for an additional control
mechanism, such as mRNA localization, transcript sta-
bility, post-translational regulation, and protein degrada-
tion. Stress conditions inﬂuence post-transcriptional
regulation; for instance, glucose and amino acid starvation
and oxidative burst, all accompanying physical exercise,
trigger such regulation, especially in the initiation phase
of translation (Halbeisen et al. 2008; Sonenberg and
Hinnebusch 2009). We cannot indicate the particular
mechanism responsible for the observed discrepancy
between mRNA and protein expression based on our
results.
We can speculate as follows: physical exercise induces
signals that increase the expression of TGF-b1, PDGF-AA,
and VEGF-A mRNA in adipose tissue. Physical exercise
simultaneously induces complex post-transcriptional regu-
lation, resulting in constant levels of growth factor protein
despite increased mRNAs levels. We hypothesize that
physical exercise exerts its beneﬁcial role against meta-
bolic and cardiovascular diseases not only by decreasing
the amount of adipose tissue, but also by regulating tran-
scription and, consequently, the level of potentially harm-
ful or beneﬁcial factors in adipose tissue.
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